We analyzed the 5 October 2008, M w 6.6 Nura earthquake, which occurred in the border triangle between Kyrgyzstan, Tajikistan, and China, and its aftershock series based on locally recorded seismic data. More than 3000 aftershocks were detected and located, using a double-difference technique and a regional 3-D velocity model. Moment tensors for the main event and the 42 largest aftershocks were determined by full-waveform inversion of long-period displacement seismograms. The Nura main shock was a shallow (∼3.4 km deep) reverse faulting event and occurred on an approximately east striking rupture plane situated east of the Alai Valley, along the Pamir Frontal Thrust of the Trans Alai Range, the leading edge of the Pamir Thrust System. Its presumed rupture plane dips steeply (∼59
Introduction
The Pamir occupies the northwestern corner of the India-Asia collision zone. Situated far north of the front of the Indian indenter, the Pamir has moved northward relative to its surroundings by ∼300 km since the early Miocene [Burtman and Molnar, 1993; Schwab et al., 2004; Cowgill, 2010] . In the course of its northward motion, the Pamir overrode a basin that formerly connected the Tajik Depression with the Tarim Basin, and whose last remnant is the Alai Valley that separates the Pamir and the Tian Shan [Coutand et al., 2002 , Figure 1 ]. Intermediate-depth seismicity beneath the Pamir outlines an arcuate, south(east)-dipping slab [Billington et al., 1977; Pegler and Das, 1998; Sippl et al., 2013a] , which most likely represents the mantle lithosphere of this basin and of the Tian Shan to its north. Schneider et al. [2013] suggested that intact subducting continental lower crust atop this mantle lithosphere hosts the deep seismicity and that this slab is connected to the Asian lower crust and mantle lithosphere. The upper and middle crust of the former basin has undergone shortening and currently makes up the frontal ranges of the Pamir. A portion of the middle crust has been imaged at mantle depths (80-100 km), to where it was presumably dragged by the subducting slab [Sippl et al., 2013b] .
Current crustal deformation is focused along the Pamir's front, where the Pamir Thrust System, situated along the Trans Alai Range on the southern side of the Alai Valley (Figure 1 ), is accommodating 10-15 mm/yr of north-south convergence [e.g., Zubovich et al., 2010] . Toward the orogenic flanks, the Pamir Thrust System connects to transpressional and transtensional strike-slip fault zones that promote the Pamir's northward motion relative to the basins surrounding it. The dextral Kashgar-Yecheng transfer system (KYTS in Figure 1 ) [Cowgill, 2010] separates the Pamir from the Tarim Basin and accommodated relative displacement between the two until ∼3-5 Ma, when a significant northward acceleration of the western Tarim Basin rendered this SIPPL ET AL. ©2014 . American Geophysical Union. All Rights Reserved. Schurr et al. [2014] ). Structures marked by red lines were inferred to be active, whereas blue lines mark structures that have been active during the Cenozoic. Seismic stations utilized in this study are denoted by circles (broadband sensors) or triangles (short-period sensors); their color refers to the different deployments: TIPAGE stations in blue, stations operated by the Xingjiang Earthquake Administration in brown, and Task Force stations installed after the Nura earthquake in red. For the location of more distant stations, see Sippl et al. [2013a] . The Nura earthquake is shown with a red beachball (location and mechanism from global CMT; http:// globalcmt.org), and the red dashed box marks the extent of the map in Figures fault system largely inactive [Sobel et al., 2011] . To the west, the sinistral Darvaz Fault promotes the relative motion of the Pamir against the Tajik Depression. Active seismicity, however, shows that this relative movement may not be taken up by a single fault but is possibly distributed over most of the western Pamir .
On 5 October 2008, a magnitude 6.6 earthquake occurred at the eastern end of the Alai Valley, near the village of Nura (located at the position of station NUR8 in Figure 1 ), where it claimed 74 lives and led to serious damage of structures and property. The Pamir's northern perimeter has been the locus of several destructive earthquakes in the past [e.g., Burtman and Molnar, 1993; Fan et al., 1994; Molnar and Ghose, 2000] , most of which appear to have occurred east of ∼73
• E, where the fold-and-thrust systems of the Tian Shan and Pamir interact without the intervening Alai Valley (Figure 1 ). The Nura earthquake and its aftershock series were exceptionally well recorded, since the temporary TIPAGE network [Mechie et al., 2012] was installed in the region at that time. In this paper, we use these data to analyze the Nura earthquake and its aftershock sequence in combination with structural and geological field data, thereby attempting to reveal the seismotectonic characteristics and accommodation processes in a region that shows one of the highest convergence rates of the India-Asia collision zone.
Geological Setting
Figure 2 details the deformation structures and kinematics in the eastern Alai Valley region in which the Nura earthquake occurred. In the Pamir, the Pamir Thrust System shows segmentation into top-to-north forethrusts, top-to-south backthrusts, and dextral (transpressional) strike-slip faults (Figure 2a ) [Arrowsmith and Strecker, 1999; Strecker et al., 2003] . Along the western and central Alai Valley, the leading edge of the fold-thrust system, the Pamir Frontal Thrust, shows Holocene dip slip at ≥6 mm/yr along the thrust SIPPL ET AL.
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segments [Arrowsmith and Strecker, 1999] . These thrust segments (e.g., sites P74, P75a, and TS17 in Figure 2a ) are connected to approximately NW trending dextral transpressive faults (e.g., P73 and P75b in Figure 2a ). The interior of the Pamir Thrust System comprises the Main Pamir Thrust that juxtaposes Paleozoic metasedimentary and metavolcanic basement rocks onto Mesozoic-Cenozoic strata to its north. The eastern segment of the Main Pamir Thrust, also called the Markansu Fault [e.g., Strecker et al., 2003] , connects via a zone of dextral transpression and clockwise block rotation (the Kyzilart transfer zone) along the northeastern side of a basement promontory with its western equivalent north of the Karakul basin (e.g., P7, P66, P67, P68, and P72 in Figure 2a ). Deformation also involves active approximately E-W extension, best manifested in the Karakul Lake basin; the few graben segments studied show a sinistral oblique-slip component [Strecker et al., 1995; Schurr et al., 2014] . Locally, these extensional structures extend into the Pamir Thrust System along the southern margin of the Alai Valley (upper drainage of the Kyzilart River; e.g., sites P65, P68, and P72 in Figure 2a ).
The Nura earthquake epicenter lies ∼2-4 km south of the Pamir Frontal Thrust that carries Lower Cretaceous to Miocene rocks in a series of imbricates over folded Silurian-Devonian and relict Lower Cretaceous-Miocene strata of the Tian Shan ( Figure 2a ). The Pamir Thrust System widens in this region eastward and connects with the mostly top-to-NE fold-and-thrust belt of the Chinese Pamir at the western tip of the Tarim Basin. The folds and thrusts north of the Pamir Thrust System merge with the mostly south-vergent folds and thrusts along the southern margin of the Chinese Tian Shan [e.g., Li et al., 2012] . Rare dip data in the two imbricates just south of the Pamir Frontal Thrust range between 70 and 40 • (n = 7, mean = 57 • ). Assuming that the Nura earthquake nucleated along the Pamir Frontal Thrust and that the thrust follows the ∼57 • S dip of the bedding would place the hypocenter at ∼3-6 km depth.
Google Earth TM imagery reveals surface breaks stretching for a few kilometers along the northern slopes of the Nura River valley, part of which have been mapped by Teshebaeva et al. [2014] as the sinistral-reverse slip Irkeshtam Fault. These fractures likely connect toward northeast into a fault zone that juxtaposes the Silurian-Miocene rocks (see above; Figure 2a ) onto Upper Pliocene to Lower Quaternary strata; these in turn are overthrusted SE vergent by Silurian-Devonian rocks of the Tian Shan with several horses of Lower Cretaceous to Oligocene rocks in between. Paleocene gypsum, clay, and limestone in the footwall of the Irkeshtam Fault and the preservation of openly folded Lower Cretaceous to Miocene strata along the northwestern edge of the Paleozoic sliver in the hanging wall of this fault suggest that the leading edge of the Irkeshtam Fault dips relatively shallowly, becoming steeply dipping further southeast. Overall, the Paleozoic strata appear to form an anticline above a steeply SE dipping ramp. In the eastern Alai Valley, the basal décollement of the fold-thrust belt likely follows the fine-grained Silurian metaclastic rocks, the deepest exposed stratigraphic unit; the cumulative stratigraphic thickness of the Silurian to Miocene strata (determined from the geological maps of the Tajik SSR and Vlasov et al. [1991] ) places this décollement at ∼13-17 km depth. Other important detachment horizons follow the Jurassic-basal Cretaceous and Paleogene strata. In the Tian Shan, Cenozoic deformation reactivated a late Paleozoic fold-and-thrust belt [e.g., Burtman, 1975] . Local Mesozoic-Cenozoic basins were deposited above a Jurassic-Cretaceous unconformity (Figure 2a) . Overall, bedding, foliation, and faults in the Tian Shan dip steeply (∼60-80
• ), outlining tight, mostly upright folds. Cenozoic shortening tightened the folds and caused local overturning of Mesozoic-Cenozoic strata in the footwall of thrusts (e.g., Kichi-Karakol Basin Thrust, Figure 2a ). Whereas the overall structural trend of the western Tian Shan is approximately E-W, the strike is approximately NE north of the central and eastern Alai Valley. This strike, unusual for the Tian Shan, is possibly an effect of the broad zone of wrenching and anticlockwise rotation in the far field of the Talas-Ferghana Fault Zone (Figure 1 ) [Trifonov et al., 1990; Bazhenov, 1993; Burtman et al., 1996] .
Seismic Data and Processing
The Nura earthquake occurred just 2 months after the initial deployment of the 40-station TIPAGE seismic network [Mechie et al., 2012] and therefore has been unusually well recorded by a dense array of nearby stations despite its remote location. One station (NUR8) was located ∼12 km from the epicenter (Figure 1) , and a 24-station north-south profile covered all western azimuths, with its nearest stations ∼45 km from the epicenter. Permanent stations from the Earthquake Administration of Xinjiang, China (network code XJ), were used to complement the TIPAGE network to the east of the event.
SIPPL ET AL. Vlasov et al. [1991] , unpublished Chinese maps, and own observations. Area termed "geological interpretation speculative" is a "white spot" with geology interpolated from adjacent maps and Google Earth TM imagery. The structural interpretation is based on own fieldwork in 1993 and 1997, when access to the easternmost Alai Valley was prohibited. Beachballs visualize Cenozoic "stress" states and principal fault orientations based on mesoscopic fault slip data measurements at given sites ( Figure S1 and Table S1 in the supporting information for details); they are plotted in the geological convention, i.e., shortening quadrants are grey and extensional quadrants are white. The Nura earthquake sequence is shown as grey, brown, orange, red, blue, and green transparent fields, outlining the clusters defined in Figure 3 ; the darker shading within these fields highlight densely populated subclusters. The Nura and relocated Markansu (see section 6.3) epicenters are shown as filled circles. (b) Reduced "stress"-tensor shape factors calculated from fault slip data ( Figure S1 and Table S1 ) and classification into strike-slip, normal, and thrust settings for the sites in the Tian Shan and the North Pamir. (c) Principal "stress" orientations from fault slip data inversion for the Tian Shan and North Pamir, highlighting the partitioning into mainly strike slip and thrust solutions.
As an immediate response to the earthquake, the German Earthquake Task Force put up seven additional short-period stations (red triangles in Figure 1 ) in the Alai Valley ∼2.5 weeks after the main shock. The Xinjiang Earthquake Administration deployed two additional temporary stations on the Chinese side for the same purpose. All stations had a sampling frequency of 100 Hz and recorded continuous three-component data.
Hypocentral Locations
Two different earthquake catalogs covering the Nura aftershock series have been compiled. The larger of those derives from the machine processed regional earthquake catalog of Sippl et al. [2013a] . 3138 shallow events (< 40 km depth) with hypocenters in the Nura region were extracted from this catalog and relocated in the 3D velocity model of Sippl et al. [2013b] with SIMUL2000 [Thurber, 1983; Evans et al., 1994] . These locations were then refined using the most up-to-date version (2.1) of the double-difference scheme hypoDD [Waldhauser and Ellsworth, 2000] . In addition to the total of 356,179 P and 191,322 S traveltime differences from the catalog, we used 381,667 P and 357,721 S cross-correlation lag times for the relocation. Five consecutive relocation steps were run in hypoDD, gradually shifting the internal weighting between catalog and cross-correlation derived differential traveltimes toward the latter ones. Cross-correlation lag times were computed for event pairs separated by <15 km. We took a time window of 4 s around the catalog arrival or, in case the station had no catalog arrival, the theoretical arrival computed with a local raytracer (NonLinLoc package) [Lomax et al., 2000] . Lag times were only used for the relocation if the cross-correlation coefficient was >0.7. In that case, we used the cross-correlation coefficient as a weight for the travel-time difference. The distribution of seismicity thus obtained is shown in Figure 3 . This data set covers the entire time period during which the TIPAGE array was installed (August 2008 to July 2010), hence also shows the background seismicity in this region.
Additionally, we picked P and S arrivals of the main event and 322 of the largest aftershocks manually for the 38 stations closest to the epicenter. These earthquakes were relocated with SIMUL2000 and hypoDD in the same manner as described above, using cross-correlation lag times and the same 3-D velocity model. Most events in this catalog, shown in Figure 4 , occurred in the first few weeks after the main event. Due to the use of 3-D velocity models, absolute location errors should be substantially lower than in Sippl et al. [2013a] , where up to 5 km horizontal and 7.5 km vertical uncertainty were obtained in the Nura region. Due to the sharpness of the obtained structures, especially in map view (Figure 3 ), we can estimate relative location errors to be no larger than 1 km.
Moment Tensors
Deviatoric moment tensors for the 43 largest earthquakes with sufficient signal at long periods were computed by full waveform inversion of long-period displacement seismograms from local and regional stations following the approach of Nábelek and Xia [1995] . We calculated Green's Functions for the minimum 1-D model of Sippl et al. [2013a] with a discrete wave number summation method that includes near-field terms [Bouchon, 1982] . Noisy traces were sorted out by visual inspection. Whereas the epicenter of each earthquake was fixed to the catalog position, the inversion was repeated for a range of trial depths, and the depth at which the minimum RMS solution was obtained was chosen as centroid depth for the earthquake. Figure 3 shows that the Nura earthquake and its aftershock sequence occurred directly north of the main crest of the Trans Alai Range, southeast of the Alai Valley's termination. This places it north of the recorded background seismicity, which is found to retreat behind this crest of the Trans Alai Range east of ∼73
Results
• E (black earthquakes in Figure 3 ).
Main Event
The Nura earthquake occurred southeast of the Alai Valley, where the Pamir and Tian Shan ranges coalesce ( Figures 2a and 4 ). We determined a point source deviatoric moment tensor based on TIPAGE and other regional stations with epicentral distances <700 km (Figure 5a ). At the considered passband (30-60 s), the moment tensor could be robustly retrieved and the mechanism shows almost pure reverse faulting, with the nodal planes striking approximately east-west. The south dipping nodal plane, which we believe was The red and yellow stars mark the epicenters of the 1974 Markansu earthquake before and after our master-slave relocation. The mechanism of the Markansu earthquake as given in Fan et al. [1994] is shown as a yellow beachball, and the stations that were used for the relocation are shown in the world map plot in the lower right.
the fault plane based on aftershock analysis (see section 3.2 and Figure 6 ), has a dip of 59
• , close to the average structural dip of ∼57 • in this region (see section 2). This is in close accordance with the CMT solution (http://globalcmt.org) that is shown in Figure 1 .
From the inversion, we obtained an optimum centroid depth of 4 km, which is close to the hypocentral depth of 3.4 km (Figure 4) based on P and S arrivals from close-in stations. Since trial depths ≤6 km yielded significantly better variance reductions than deeper ones (Figure 5b ), we can with some certainty claim that the event had a shallow centroid, which implies that both the initiation and the majority of slip of the main shock occurred at shallow levels. With a moment magnitude M w of 6.62, the Nura event was the largest crustal earthquake to have occurred at the Pamir's front since the 1974 Markansu earthquake (see section 6.3). Our source time function as well as waveforms from close stations show that the main energy was only released approximately 10 s into the rupture (Figures 7a and 7c ). This is also obvious from teleseismic P waveforms, which show a similar double peak, and is confirmed by the teleseismic source analysis of Su and Guo [2013] . A misinterpretation of this second pulse of moment release as a pP depth phase on some teleseismic stations might have led to the substantially deeper hypocentral depth estimated by International Seismological Centre (ISC) (28 km; this leads to a pP-P time of 9.3 s if a crustal v p of 6 km/s is assumed). The hypocentral location marks the start of the rupture, whereas the centroid moment tensor stems mainly from the delayed main moment release. We looked at the start of the rupture at the station NUR8, which was located only ∼12 km north of the epicenter (back azimuth 194 • ; Figure 1c and the polarization analysis (Figure 7b) show that the beginning of the rupture was located due south of the NUR8 station, i.e., in the direction of the south dipping thrusts south of the Nura Valley. Polarities from the first breaks of the start of the rupture are mostly in agreement with the centroid mechanism (Figure 7d ).
Aftershock Series
Aftershocks of the Nura earthquake can be subdivided into five clusters, as indicated by the colors given in Figures 3 and 4 . In the following, we refer to these seismicity clusters by their "color. " The overlay of the earthquake hypocenters with the regional 3-D P velocity model ( Figure 3) shows that the depth extent of the aftershock clusters correlates with the transition from shallow slow velocities to higher velocities at depth. With the exception of likely mislocated deeper events (none of the handpicked events in Figure 4 is deeper than 17 km), all aftershocks occurred above the 6 km/s velocity isoline.
The red cluster, which strikes approximately E-W, parallel to the Trans Alai Range and the structures of the Pamir Thrust System at this location, was activated by the main shock that occurred at its northern, i.e., shallow end (Figures 3 and 8) . The two strongest aftershocks, which occurred 2.5 and 19 min after the Nura earthquake, were slightly west and east of it, respectively, along the same structure. For the earlier one of these, neither magnitude nor focal mechanism could be determined, since the surface wave trains of the main event obscured its waveforms at most stations. Only at the closest stations could it be clearly identified, and . Profile projection perpendicular to the strike of the main structure (red cluster) outlined by the Nura aftershocks. The location of the profile is indicated in Figure 3 . The upper panel shows local topography averaged over the swath width of the profile. Hollow circles represent automatically picked and located earthquakes (i.e., same data set as in Figure 3 ), red filled circles denote handpicked events (same as in Figure 4 ). All available focal mechanisms that fall into the profile area are shown, with the focal mechanism projected onto the profile plane. Events for which a focal mechanism is shown are denoted with magenta filled circles. The small, shallower subcluster of earthquakes to the north corresponds to the orange cluster in Figures 3 and 4 . The yellow filled circle and beachball represent the main shock. Most seismicity is situated downdip of the main shock's hypocenter, forming a broad, steeply approximately south dipping structure that would surface near the location of the two strands of the Pamir Frontal Thrust (PFT; Figures 1c and  2a) . The mechanisms of the main shock and most aftershocks outline one plane that roughly follows the dip of this structure, which we assume to be the rupture plane. The two beachballs farther south, beneath the Trans Alai Range's crest, belong to the background seismicity marked black in Figure 4 . Since most faults do not run exactly perpendicular to the profile, their location in the topographic profile is only approximate.
featured a larger amplitude than any other aftershock, including the M w = 5.37 event after 19 min. Figure 6 shows that the earthquakes of the red cluster do not define a sharp plane, but a <5 km wide, south dipping zone. This agrees with the orientation of one of the main shock's possible rupture planes. Nearly all focal mechanisms of the aftershocks in Figure 6 outline one steeply south dipping plane, which we hence assume to be the common fault plane of the main shock and most aftershocks within the red cluster. Most aftershocks occurred between 4 and 13 km depth, i.e., deeper than the Nura earthquake's hypocenter and centroid depths, probably outlining the deeper part of the rupture plane. Focal depths appear to become systematically deeper toward the eastern termination of the cluster (Figure 3 ).
The blue cluster adjoins the red one at the latter's eastern end, striking NNE, and following the structural grain and fault trends in the Paleozoic to Lower Quaternary strata of the southernmost Tian Shan north of the Pamir Frontal Thrust (Figure 2a) . It was activated almost immediately after the Nura event (Figure 8) , with the first earthquake occurring ∼80 min after the main shock, and nine more events in the first 8 h of the aftershock series. Because the main shock centroid mechanism and the first break fault plane solution, which both indicate reverse faulting on an approximately east trending plane (Figures 5 and 7d) , are not compatible with the NNE striking fault geometry, we conclude that this region did not rupture coseismically. The cluster appears to dip east to ESE, and earthquakes are generally slightly shallower compared to the red cluster, occurring mainly between depths of 0 and 10 km (Figure 3 ). The blue cluster comprises three subparallel, en-échelon, NE striking streaks of seismicity that follow the topographic and structural trends in its northern part but cut across the topography and in particular the structural trends in its southern part (Figures 2a and 3) . All three streaks are oblique to the strike of the Pamir Frontal Thrust but subparallel to the Irkeshtam Fault (Figures 1c  and 2a) .
The orange cluster, located directly north of the western part of the red cluster, is sharply defined and oriented near-vertical ( Figure 6 ). Earthquakes within it occurred between 3 and 8 km depth. This cluster, which was activated directly after the Nura main shock (Figure 8 ), features mostly small events; hence, only a single fault plane solution could be determined (Figure 4 ). This mechanism indicates reverse slip along a subvertical, east striking rupture plane, which fits well to the approximately E-W elongation and vertical orientation of this cluster. Both the outline of the cluster and the nodal planes trend, however, distinctly more west-northwesterly than the red cluster ( Figures 3 and 4) ; the orange cluster and its nodal planes follow a WNW striking segment of the imbricates of the Pamir Frontal Thrust (Figure 2a) .
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©2014. American Geophysical Union. All Rights Reserved. Figure 5 ). Each tick mark on the x axis corresponds to 4 s. The main pulse of moment release started ∼10 s after rupture initiation, which began with a rather weak phase. (d) First motion P polarities of the Nura earthquake plotted (black circle: compressional onset, white circle: rarefaction) onto the double-couple part of the retrieved moment tensor ( Figure 5 ). The polarity picks denoted by triangles are from stations near the cross-over distance between P n and P g , where the retrieved takeoff angles might be inaccurate. Whereas the moment tensor solution is dominated by the mechanism of the late pulse of moment release (see Figure 7c ), the first motion polarities are indicative of the mechanism of the initial phase of the main shock.
East of the main rupture plane, the green cluster became active mostly ∼20 days after the main shock (Figure 8 ). It consists of two sharply defined, ENE striking faults that exactly follow the trend of the local relief and the local strike of the Pamir Thrust System. Earthquakes occurred at depths between 5 and 10 km, and outline two thin, north to NW dipping parallel streaks of seismicity (Figure 3 ). Focal mechanisms for the larger earthquakes in this cluster are uniform, all featuring thrust-reverse faulting along NE to ENE striking planes dipping NW or SE. At the location of the northern streak, the Pamir Frontal Thrust likely changes dip from steeply south to vertical to steeply north (Figure 2a ). Considering the orientation of the seismicity streaks in cross section, we assume that the NW dipping planes are the actual rupture planes.
We also associate the brown earthquake cluster in the eastern part of the Alai Valley with the Nura main shock. This cluster was inactive before the Nura earthquake and became active at about the same time as the green cluster, i.e., soon after the main shock (Figure 8 . The upper plot shows the total event numbers in a 5 day window, centered on the displayed date for each cluster (indicated by color) and for the region of background seismicity (black). The green and brown clusters became active about 2 to 3 weeks after the main shock (although there is some earlier activity of the green one), whereas all others were activated directly after the main shock. The region of background seismicity also experienced heightened event rates during the first weeks of the aftershock series. The lower plots show the maximum magnitude for each day of the aftershock series for each of the seismic clusters (again indicated by color).
in January and July 2009. The three focal mechanisms obtained for earthquakes in the brown cluster show strike slip along NE or NW striking planes. Site TS16, measured in Carboniferous rocks on a basement spur in the Tian Shan northwest of the cluster, shows remarkably similar fault orientations; there, the NW striking faults have dextral and the NE striking ones sinistral slip kinematics (Figures 2a and S1 ).
Background Seismicity
Background seismicity (marked in black in Figure 3 ) was loosely defined based on the earthquake distribution before the Nura earthquake. Figure 8 shows that event rates of the background seismicity also rose directly after the main shock but returned to near pre-main shock levels after 3-4 weeks. These earthquakes form a continuous chain that is situated north of the crest of the Trans Alai Range in the west (near 73
and then retreats behind the crest, passing south of the Nura aftershock sequence. Its slightly sigmoidal shape in the western part follows the Kyzilart transfer zone along the northeastern side of the basement promontory northwest of the Karakul Lake basin but is shifted northward (Figure 2a ). Only five fault plane solutions could be determined for the background events (Figure 4) , and all but one show dextral strike slip, with T axis orientations roughly along strike of the orogen (see also the two southernmost beachballs in Figure 6 and Schurr et al. [2014] ).
Analysis of Fault Slip Data
Based on the mesoscopic fault slip data collected in the field, we calculated reduced "stress" tensors [e.g., Angelier, 1994] , obtained a regional classification into strike-slip, normal, and thrust settings, and derived principal shortening and extension directions for numerous sites in the Tian Shan and North Pamir (Figures 2a-2c , S1, and Table S1 for data and details). These data are visualized as beachballs in Figure 2a . The age of strata involved in the deformation and unpublished local apatite fission-track thermochronology data indicate that the major deformation in the studied area is post-middle Miocene. In the Tian Shan, the Cenozoic stress field imposes a sinistral strike-slip component onto N(N)E trending faults (e.g., the Kichi-Karakol Basin Thrust, sites P77-P79) and a dextral one on E(SE) trending ones (e.g., TS1 and TS16). The only normal fault solution is related to a releasing structure. In the Pamir, normal fault solutions trace the grabens in the Karakul Lake basin. Strike-slip and thrust solutions highlight the segmentation of the Pamir Frontal Thrust into thrust and dextral strike-slip segments and outline the Kyzilart transfer zone. The wide 
Discussion
Main Shock
The Nura main shock mechanism features reverse faulting with only a minor dextral strike-slip component ( Figure 5 ). Both its centroid and hypocentral depths are shallow (∼4 and ∼3.4 km, respectively), and based on the distribution and mechanisms of aftershocks (Figure 6 ), we identified the steeply (∼59
• ) south dipping plane as the rupture plane. The outcrop of the Pamir Frontal Thrust a few kilometers north of the Nura main shock and its steep (∼57 • ) south dip makes it very likely that the Nura earthquake occurred along this leading edge of the Pamir Thrust System. Most likely, only the major cluster of aftershocks (red in Figures 2a,  3 , and 4) outlines the main shock's rupture plane, whereas the other clusters correspond to secondary structures activated by the main shock (see section 4.2). The main shock's source time function shows a weak initial phase followed by a considerably stronger main phase after ∼10 s.
Taken together, these observations point toward a simple reverse faulting earthquake, with some temporal complexity in that it consisted of two pulses of moment release. However, the location of maximum surface displacement as seen with interferometric synthetic aperture radar (InSAR) [Teshebaeva et al., 2014] and the location of observed surface breaks, as shown in the same study, do not fit into this picture. Teshebaeva et al. [2014] found surface breaks along the Irkeshtam Fault ( Figure 2a ; the epicentral region of the Nura main shock is inaccessible without mountaineering expedition logistics), The Teshebaeva et al. [2014] model is, however, not easy to reconcile with some of our observations. Both the polarization analysis of the initial phase of the main shock (Figures 7a and 7d ) and the hypocenter point clearly south to the Pamir Frontal Thrust, and not to where the Irkeshtam Fault is located (Figures 1c and  2a) . Moreover, all aftershock seismicity is found to be concentrated along the Pamir Frontal Thrust, whereas the Irkeshtam Fault was aseismic in our observation period. Although we cannot determine the centroid location as precisely as the hypocenter, the following indicates that the main coseismic moment was also released along the same structure as the initial phase. A simultaneous rupture of two nonparallel faults, particularly if their magnitude contributions are comparable (as proposed in Teshebaeva et al. [2014] ), should yield a composite mechanism, in the sense that both the orientation of the rupture plane and the mechanism itself would be intermediate between the two contributing ruptures; this is not the case. Both the rupture plane orientation (east striking and steeply south dipping) and the mechanism itself (nearly a pure reverse faulting event, whereas the Irkeshtam Fault's contribution would have to have a strong strike-slip component) correspond to what we know of the Pamir Frontal Thrust. This is also true for the global CMT mechanism (Figure 1b) . The overall good variance reduction ( Figure 5 ) and the moderate proportion of Compensated Linear Vector Dipole (CLVD; 30%) in the inversion likewise do not point toward a complex rupture geometry. The finite fault inversion of Su and Guo [2013] also shows that the teleseismic waveforms generated by the main phase of the Nura earthquake can be explained with a rupture on a single fault. Should the magnitude contribution of the Irkeshtam Fault have been considerably smaller than that of the Figure 9b . The spatial distribution of Coulomb stress changes in response to the main shock, for which we assumed 1.5 m of reverse slip on a planar fault with a strike of 85 • and a dip of 59 • , was calculated for both possible orientations of the receiver fault. The assumed downdip length of the main shock fault was 14 km, and the updip and downdip ends of the fault plane were placed at 2.5 and 13 km depth, respectively. This configuration yields a moment magnitude M w = 6.6. The Coulomb stress change value for the location of the investigated earthquake (shown with a green dot) was then picked from the spatial grid. (b) Modeled Coulomb stress change for all aftershocks off the main fault for which we have a fault plane solution. Since it is not known which plane of each focal mechanism was the rupture plane, the simulation (details in the text and in Figure 9a ) was carried out for both possible orientations of the receiver fault. For all except one aftershock mechanism, a significant increase in Coulomb stress due to the main shock occurred at least for one possible orientation of the rupture plane.
Pamir Frontal Thrust, its signature could be "hidden" within the waveforms generated by the Pamir Frontal Thrust rupture. This, however, is not easily compatible with about 2 m of surface displacement and an estimated moment M w ∼ 6.5 along the Irkeshtam Fault [Teshebaeva et al., 2014] and would require the deformation at the Irkeshtam Fault to be dominated by afterslip. With the seismologically determined source region of the main shock mostly not resolved in the InSAR analysis, it is-from our point of view-also not impossible that a secondary effect like a large slump or landslide created the observed surface breaks and a part of the imaged displacement field. The observed surface breaks are located along the bank of the Nura River, in an area where gypsum might provide a weak horizon prone to sliding.
In summary, we do not think that the Irkeshtam Fault ruptured coevally with the Nura event, at least not with a moment release approaching that of the rupture along the Pamir Frontal Thrust. The observations and magnitudes of maximum ground displacement and surface faulting near the Irkeshtam Fault could, however, be explained by large postseismic deformation. Since no major earthquake was observed along the Irkeshtam Fault in the entire time span investigated here, slow afterslip is required to generate the observed surface displacements. The presence of gypsum in the footwall of the Irkeshtam Fault supports this inference. Clearly, further data and investigations are needed to find out what the discrepancy between seismic and space geodetic observations for the Nura earthquake means.
Induced Coulomb Stress
The Nura aftershocks not only delineated the main rupture plane but also activated a number of structures off this fault. Changes of Coulomb stress have often been invoked as a primary factor controlling the aftershock distribution of large earthquakes [e.g., King et al., 1994; Harris, 1998; Lin and Stein, 2004] . We want to test whether stress redistribution due to the main shock explains our observations. We estimated the spatial distribution of Coulomb stress changes promoted by the Nura main shock using the program Coulomb 3.3 [Lin and Stein, 2004; Toda et al., 2005] . Guided by our moment tensor inversion, we prescribed a planar fault of 14 km downdip length, striking 85
• E and dipping 59
• S, extending from a depth of 2.5 km down to 13 km (Figure 9a) . We further assumed a total reverse slip of 1.5 m on this fault, resulting in a moment magnitude of M w = 6.6. We then computed the Coulomb stress changes resolved at the centroid location for both possible nodal planes for the off-fault events with moment tensors (Figure 9a ). Since all input SIPPL ET AL.
parameters in this calculation are estimates with sometimes nonnegligible uncertainty, its results should be regarded as a first-order approximation. However, some trends are discernible (Figure 9b ): With only one exception, all aftershocks show significantly increased Coulomb stress on at least one of their nodal planes. The two events in the southwest, which we consider to be background seismicity, fall into a region that should not have been affected much by the main shock (Figure 9b ). In contrast, the three strike-slip earthquakes in the Alai Valley (brown cluster), all situated at a comparable distance off the main shock's fault plane, lie in a region of elevated Coulomb stress. Considering that the entire area features pervasively fractured (this is clearly indicated by the landscape morphology) and critically stressed crust, Coulomb stress redistribution incurred by the Nura earthquake explains our observations well. The observation that off-fault aftershocks form lineations that follow the topographic ridges ( Figure 3 ) and/or previously identified fault traces (Figures 2a) indicates that inherited faults were reactivated (as in, e.g., Das and Henry [2003] ).
Inferences for Regional Tectonics
Geomorphologic studies in the Alai Valley [Arrowsmith and Strecker, 1999; Strecker et al., 1995 Strecker et al., , 2003 identified recent thrust activity on the northern slope of the Trans Alai Range west of 73
• E, which is stepping back farther east to the Markansu Fault (Figure 2a) . The eastern segment of the Pamir Frontal Thrust, which continues along the Trans Alai's front (Figures 1c and 2a) , was considered inactive. While we observe a stepping back of the background seismicity from the front of the Trans Alai Range to the lee of the range east of 73
• E (Figure 3) , we see no seismic activity in the Markansu Valley. Instead, background seismicity occurs directly south of the crest of the Trans Alai, describing a slight arc that follows the crestal trend and the strike of the structures along the central portion of the Pamir Thrust System. Thus, it appears that the Kyzilart transfer zone has stepped northward from the basement promontory northwest of the Karakul Lake basin, now connecting a zone of the Pamir Frontal Thrust that is strongly segmented by dextral transpressive faults around 73
• E with the interior of the Pamir Thrust System, also featuring a dextral strike-slip component (Figure 2a) . Two of the focal mechanisms of the background seismicity are located west of the aftershock clusters, the others south of the main (red) cluster: All show a predominance of dextral strike-slip mechanisms ( Figure 4 ). This is in contrast to the Nura earthquake and its aftershock series and corresponds to the findings of Schurr et al. [2014] , who found strike-slip earthquakes occurring behind the thrust front of the Pamir as the dominant mode of seismicity.
The Nura earthquake and the main aftershock sequence occurred on the Pamir Frontal Thrust. Seismicity along secondary structures, most likely activated by the Coulomb stress increase promoted by the main shock (see section 6.2), led to the complex geometry of the aftershock series. In the following, we speculate on the nature of the secondary structures that localized the distinct aftershock clusters (Figures 2a, 3 , and 4). The blue cluster trends parallel to the Irkeshtam Fault and to the NE trend of the structural grain of the Tian Shan to its north ( Figure 2a ). As outlined in section 2, the Irkeshtam Fault trace may mark the leading edge of a ramp anticline that dips steeply SE. The blue cluster likely traces the deep structure of this ramp, which probably follows an inherited, NE striking structure of the Tian Shan. Thus, it appears that the Nura main shock activated the steeply south dipping and approximately east trending Pamir Frontal Thrust, and the Coulomb stress increase triggered the aftershock series in the deep structure of the slice of Paleozoic to Miocene rocks northeast of it. The southernmost streak of the blue cluster likely directly abuts at but is fully disconnected from the Pamir Frontal Thrust of the Pamir Thrust System. The right-stepping geometry of the streaks of the blue cluster suggests that the ramp is not a pure reverse fault but an en-échelon arrangement of faults with a major sinistral strike-slip component (Figure 2a) . On a smaller scale, this mimics the structural geometry at the surface, where an ENE striking thrust (along the southern boundary of the sliver of Paleozoic to Miocene rocks of the Tian Shan) that merges with the Pamir Frontal Thrust changes its strike to NNE and likely to a sinistral strike-slip fault, and then becomes a NE striking reverse fault again. The green cluster would then simply trace the Pamir Frontal Thrust eastward, however, with a vertical or even NNW dip. Accordingly, the orange cluster reactivated the Pamir Frontal Thrust farther west. We interpret the brown cluster to mark inherited Paleozoic structures of the Tian Shan in the subsurface of the Alai Valley. The trend of its most pronounced streak of aftershocks suggests that in this case, the (W)NW striking dextral faults of the Tian Shan were reactivated.
The majority of aftershocks that occurred along the main shock's fault plane is situated in its lower part ( Figure 6 ). The lower termination of aftershocks at ∼10-12 km (Figure 3 ) coincides well with a drastic increase in seismic wave speeds. This hints at a detachment horizon at about this depth, slightly shallower than the ∼13-17 km depth estimated for the décollement from the thickness of the strata involved in the fold-and-thrust belt. However, we emphasize that the vertical resolution of the tomographic model is limited due to a relatively coarse grid spacing [see Sippl et al., 2013b] .
The background seismicity and their focal mechanisms show a predominance of dextral strike-slip deformation within the Pamir Thrust System (Figures 2a, 3 , and 4). Considering these observations, a closer look at the 1974 Markansu earthquake, a M w 7.1 thrust-reverse faulting earthquake along the rear of the Pamir Thrust System, is warranted. It presumably occurred in the Markansu Valley (Figure 4) , at about the same longitude as the Nura earthquake but ∼20 km south of the orogenic front. It is the largest instrumentally recorded earthquake in the eastern part of the northern Pamir and showed a complex rupture process, which led to considerable debate about its mechanism [Ni, 1978; Jackson et al., 1979; Langston and Dermengian, 1981; Burtman and Molnar, 1993; Fan et al., 1994] . The fault plane solution of the last study describes the Markansu earthquake as a shallow (∼3 km depth), slightly oblique reverse faulting event along a approximately east trending, steeply south dipping plane (Figure 4 ). These characteristics correspond to those of the Nura earthquake. With no local stations operating at the time of its occurrence, the location of the Markansu earthquake was determined using teleseismic arrival times [Jackson et al., 1979] .
We performed a master-event relocation of the Markansu earthquake relative to the Nura earthquake, using data from 29 global stations that recorded both events (Figure 4) . In a first step, we employed LocSat [Bratt and Bache, 1988 ] to obtain station residuals for the Nura earthquake, using handpicked P arrivals from these 29 stations and keeping the Nura earthquake's location fixed to our hypocenter solution (see section 3.1). Then, we relocated the Markansu earthquake, using ISC Bulletin P arrivals for the same stations and utilizing the residuals determined in the previous step as station corrections. The best fit location thus obtained places the Markansu earthquake at about the same tectonic structure as the Nura earthquake ( Figures 2a  and 4) , which corresponds to a northward shift of ∼18 km. Given that Jackson et al. [1979] stated that a location error of 25 km is possible, this value is within the uncertainty of the original teleseismic location. Independent confirmation of this relocation comes from an intensity-based study [Bindi et al., 2013] , which likewise shifted the Markansu earthquake closer to the Nura earthquake's epicenter.
Heterogeneous Moment Release Along the Pamir Thrust System
Accepting this relocation suggests that two major reverse faulting earthquakes have occurred along the eastern Pamir's front within the last 40 years. The more western parts of the Pamir Thrust System have not shown any large compressive earthquakes even beyond that time. Accounts of further historic earthquakes along the Pamir's front [e.g., Burtman and Molnar, 1993; Fan et al., 1994; Molnar and Ghose, 2000] appear to confirm that the easternmost part of the Pamir Thrust System shows a heightened rate of seismic moment release compared to the rest of the fault system. This could either imply that seismic coupling changes along strike of the Pamir Thrust System, with a significantly higher proportion of creep occurring in its western portion, or that the western Pamir Thrust System is currently locked (and has been for some time) and has a longer seismic cycle. Alternatively, one could postulate that total convergence is smaller there or that the observed concentration of moment release is an artifact of a too short instrumental observation period.
Assuming the observation of increased moment release east of the Alai Valley represents a real effect, what could cause the localization of the two largest historical thrust earthquakes in the collision zone of the Pamir and Tian Shan east of the Alai Valley? We speculate that it could be a combination of different reasons: (1) Stress concentration: Figure 2a shows that the near-field of the Nura and Markansu earthquakes features a basement promontory of the Tian Shan, just becoming involved into the propagating shortening along the Pamir front. The basement sliver bounded by the Irkeshtam Fault, the Pamir Frontal Thrust, and the sinistral transpressive fault at its SE edge constitutes the tip area. Likewise, and on a more regional scale, Schurr et al. [2014] showed that currently the Pamir crust is disintegrating into blocks, with a rigid, mostly internally aseismic eastern block and a seismically active, weaker western block. A N(N)E trending, sinistral transtensional fault system, connecting the Lake Karakul graben system with distributed faulting with the Hindu Kush of Afghanistan, bounds the eastern block in the west. The graben system of the Karakul Lake basin, reaching far into the Pamir Thrust System, represents this eastern fault system in the study area. The graben systems and the further outboard thrust and dextral strike-slip fault systems of the Chinese Pamir constitute the eastern block boundary; to a large extent, the eastern block moves northward together with the Tarim Basin. The northern boundary of this eastern block impinges on the Tian Shan promontory at the sites of the Nura-Markansu earthquakes. (2) Convergence partitioning: The entire western Pamir (west of the N(N)E trending, sinistral transtensional fault system connecting the Lake Karakul and Hindu Kush) shows higher seismic deformation rates, dominated by sinistral strike-slip faulting on NE trending faults, and indicating overall east-west extension and north-south shortening. Schurr et al. [2014] explained this deformation pattern by ongoing collapse of the western margin of the Pamir Plateau and westward extrusion of Pamir rocks into the Tajik-Afghan Depression. They showed that this westward motion within their observation period also dominates the central part of the Pamir Thrust System, as indicated by dextral strike-slip faulting along the western Trans Alai Range. The superposition of the Pamir's bulk northward movement with this westward extrusion along its western flank is also the cause of the gradual rotation of surface velocities from NNW to WNW, as observed by GPS measurements [e.g., Zubovich et al., 2010] . The much stronger segmentation of the Pamir Thrust System by dextral transpressional fault zones in the central and western Alai Valley and farther west compared to the eastern Alai Valley records this convergence partitioning on a geologic timescale. The existence of the Kyzilart transfer zone, connecting the western section of the Pamir Thrust System with the Main Pamir Thrust and likely with the extensional systems in the Chinese Pamir (e.g., Muji graben; Figure 3) indicates that the eastern Pamir block was likewise involved in the convergence portioning. The zone of background seismicity south of the Nura earthquake and its aftershocks suggests that the northern boundary of the westward extruding mass is propagating northward over time. (3) Rheological changes: Studies on the Tajik-Afghan Basin and its inversion to a fold-and-thrust belt in the west of the Pamir documented a decrease in the thickness of the Upper Jurassic evaporite strata along its basal décollement from the south (with active salt diapirism) to the north and northeast (e.g., Geological maps of the Tajik SSR [Nikolaev, 2002] ). A large change in evaporite thickness occurs between the western and eastern segments of the Trans Alai Range, with a decrease of mapped maximum thickness from 1.0 to less than 0.2 km. The study of Pavlis et al. [1997] on the long-lasting erosional unloading of the thrust front of the western Pamir Thrust System by river incision also suggests a fault weakening by normal stress reduction on the thrusts and reverse fault systems along the front of the northwestern Pamir. Both the well-developed evaporitic décollement and the erosional unloading appear to support the speculation that creep may absorb more convergence along the western Pamir Thrust System than the eastern one. All these parameters may have focused active shortening onto the eastern tip of the Tian Shan-Pamir collision zone, inducing the enhanced seismicity portrayed by the Nura and Markansu earthquakes.
